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Abstract 
The growth of energy demand over the next few decades with declining conventional fossil fuel production implies that greater 
reliance will be placed on unconventional fossil fuel energy sources such as heavy oil and extra heavy oil (bitumen). However, 
unconventional fuels tend to have higher environmental impact than their conventional counterparts. Here, we focus on the oil 
sands resource of Alberta, Canada whose recovery is both energy and emissions intensive on one hand yet provide economic and 
social benefits to society on the other hand. There is a drive to improve the energy and emission intensities of oil sands recovery 
processes. We evaluate the combined application of natural gas decarbonization (NGD) with oxy-combustion and the utilization 
its CO2-rich flue gas to achieve an ultra-low emissions enhanced thermal recovery process for bitumen from oil sands. We used 
industry-accepted thermal reservoir simulation tools to model steam assisted gravity drainage (SAGD) bitumen recovery using a 
steam-CO2 mixture. Our results show that the overall performance of the proposed process when applied to a moderately high oil 
saturation reservoir is improved over the current practice both from an energy intensity and a CO2 footprint basis.  
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The projected growth of energy demand over the next few decades with declining conventional fossil fuel 
production implies greater reliance on unconventional fossil fuel energy sources such as heavy oil and extra heavy oil 
(bitumen). An additional 18 million barrels per day (mbd) of oil is required to meet projected worldwide demand 
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growth by 2035, out of which 7 mbd is expected to come from unconventional heavy oil, oil sands, and shale oil in 
North America [1]. However, this shift to unconventional fossil fuels may lead to significant impacts on the climate – 
the balance between the benefits of an energy source (economic, social, and political) versus its environmental impact 
will be one of the greatest challenges we face over the next century. An example is the oil sands resource of Alberta, 
Canada whose recovery is both energy and emissions intensive on one hand, yet provides economic and social benefits 
to society on the other hand. On the one hand, environmental groups are mounting pressures to halt oil sands production 
and growth due mainly to the high-CO2-polluting nature of oil sands processes. On the other hand, the oil sands 
industry strives to improve the energy and emission intensities of oil sands recovery processes and to retain their social 
license to operate.  
Given that bitumen extraction from oil sands have a higher emissions footprint than its conventional counterpart, 
an urgent issue to be addressed is how the oil sands industry can achieve an ultra-low emissions intensity, or as a 
starting point, to achieve an emissions intensity that is lower than that of the conventional crude oil production. Another 
pertinent issue bedeviling the oil sands industry is processing of high volumes of water per unit of oil produced. 
Currently, the majority of in situ oil sands operators process more than three volumes of water for every volume of 
bitumen produced. The processes consequently result in high water consumption footprint. Is there a viable technology 
that can achieve this goal of dramatic reductions in emissions and water consumption footprints at affordable costs? 
Can the cost of achieving a low emissions process be at reasonable levels? What can be done so that the oil sands 
industry can regain its fast-eroding social acceptability? These are some of the important issues if not addressed as 
quickly as possible could threaten future growth of the oil sands industry in Alberta.  
Our solution to the abovementioned issues is a system of conceptually simple processes that achieve a net 
significant reduction in carbon emissions and water consumption, and improve the overall performance of in situ 
bitumen recovery operations. This process decarbonizes natural gas (NG) fuel prior to combustion, thus removing 
carbon from the process up front in the form of a solid. Decarbonization generates hydrogen and carbon black, a solid 
stable form of carbon. Decarbonizing the NG fuel to hydrogen reduces downstream CO2 emissions and reduces the 
requirement for CO2 capture and storage (CCS) as the carbon is stored in a solid form. The hydrogen product of the 
process can be used as either a fuel for steam generation or for upgrading. If used for steam generation, the process 
produces water that can offset a significant fraction of process water losses from bitumen recovery which is an oil 
sands production issue that this paper addresses.  
However, NG decarbonization requires heat at elevated temperatures. This energy can be sourced from either a 
portion of the hydrogen generated in the process or by oxy-combustion of NG. Here, we explore the oxy-combustion 
option which produces a high CO2-concentration flue gas stream. The CO2-rich flue gas was co-injected with steam 
into an oil sands reservoir to improve the performance of the process while sequestering injected CO2 within the oil 
sands formation. By using industry-accepted thermal reservoir simulation tools, we integrated decarbonization, oxy-
combustion and steam-CO2 reservoir recovery processes and calculated the overall performance of the process, from 
a GHG intensity, energy intensity and water consumption basis.  
Succinctly put, the research documented in this paper evaluates a technology that integrates natural gas 
decarbonization (NGD), oxy-combustion and utilization of CO2-rich flue gas to achieve an ultra-low emissions and a 
high-performing enhanced thermal recovery process for bitumen from oil sands.  This work has a broad relevant 
application for GHG emissions reduction in the heavy oil recovery and upgrading, and fuel combustion for power 
generation industries.  
2. Bitumen extraction from oil sands 
Although bitumen can be recovered by open-pit mining in shallow oil sands reservoirs, only less than 10% of the 
oil sands resource in Alberta, Canada is suitable for mining [2, 3]. At depths greater than 75 m it becomes 
uneconomical to recover bitumen by open-pit mining; therefore, in situ methods, namely, Cyclic Steam Stimulation 
(CSS) and Steam-Assisted Gravity Drainage (SAGD) [4] are employed.  The future outlook for bitumen production 
from Alberta is one that is dominantly recovered by in situ methods, especially using SAGD. In situ bitumen extraction 
involves mobilizing bitumen, mainly by injecting steam into the oil sands reservoirs and then pumping the mobilized 
bitumen to the surface through a wellbore. Bitumen in oil sands reservoirs are characterized by in situ viscosities of 
over a million centipoise (cP), specifically in the range of 3 to 6 million cP (a viscosity similar to that of peanut butter). 
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Extraction of a liquid-flowing oil from a hydrocarbon resource with such a property requires extra effort. Coupled to 
the challenges arising from oil properties are complex geological and reservoir characteristics, which include high and 
variable in situ oil viscosity, geological architecture [5, 6], energy losses associated with heat loss through or to 
geological barriers (shale layers, cap rock, thief zones, etc.), shallow reservoirs with little or no cap rock, thin (<5 m 
thick) reservoirs, and lean (low oil saturation) reservoirs.   
The aforementioned challenging characteristics of bitumen-bearing reservoirs make in situ extraction methods 
(CCS and SAGD) conceptually similar requiring injection of large quantities of high pressure and high temperature 
steam into the reservoir to reduce bitumen viscosity to under ~10 cP [7]. Bitumen extraction by in situ methods has 
over the past few decades benefited from the consumption of a low cost energy available in the form of cheap NG (for 
steam generation) to produce a higher revenue form of energy (bitumen). Consequently larger amounts of GHG 
emissions are emitted from bitumen extraction than from conventional oil production, which has no requirement of 
injection of large amounts of steam into the reservoir during production. We recently reported life cycle emissions of 
bitumen extraction from a wide range of SAGD projects to be 10-28 kgCO2eq/GJ (428-1120 kgCO2eq/m3) bitumen 
extracted [8]. In contrast, production of conventional crude oil has a life cycle GHG emissions of 170-365 kgCO2eq/m3 
[9].  
More so, bitumen extraction processes huge amounts of water used to generate steam, which is injected into the oil 
sands reservoirs.  Steam-to-oil ratio (SOR), expressed as cold water equivalent, is a key efficiency parameter for 
measuring the performance of a bitumen recovery process. For a SAGD operation the value for can vary from 2.5 to 
8 m3/m3. This means that for every 1 m3 of oil produced, about 2.5-8 m3 of water is processed; out of this, about 90% 
of the water is recycled while the rest is lost in the process. Also, as an illustration, the energy requirement and the 
associated carbon emissions for producing a unit volume of bitumen when SOR equal to ~3 m3/m3 are ~7.4 GJ/m3 
and ~0.6 t CO2/m3 bitumen, respectively. 
There is therefore a need to reduce both energy intensity and the process emissions of oil sands recovery processes. 
However, there do not appear to be any revolutionary new recovery processes available that will deliver oil to surface 
with an energy intensity near that of primary conventional oil recovery [10]. Presented in the sections that follow are 
descriptions of key processes that if integrated could deliver an ultra-low emissions bitumen recovery process as well 
as a reduced water consumption footprint. 
3. Process description 
In this section a bitumen extraction and production process and three major component processes - NGD, oxy-
combustion, and utilization of CO2-rich flue gas for bitumen recovery are described.  
3.1. Conventional steam generation for SAGD bitumen recovery 
In SAGD operations NG is combusted in an industrial boiler to generate high pressure steam, high quality steam 
(steam quality > 0.95) for bitumen recovery. By using heat exchangers, heat generated from NG combustion is 
transferred from flue gas to boiler feed water. The feed water to the boiler is pressurized to a value above the injection 
pressure. The cooled flue gas from the process was emitted to the atmosphere.  
3.2. Steam generation using hydrogen produced by the NGD process  
The major purpose of the NGD process is to produce hydrogen for steam generation – a low-emissions substitute 
to conventional hydrogen production processes that emit huge amounts of CO2. A key challenge facing hydrogen 
production is that the prevalent industrial methods of hydrogen production processes, particularly the steam methane 
reforming (SMR) process which uses NG and produces CO2 both as a product and emissions [11-12]. A large amount 
of CO2 is produced as combustion-derived emissions in the flue gas.  
The decarbonization of NG described here is an offspring of an existing process of producing carbon black. It 
involves the thermal decomposition of NG at high temperatures to produce hydrogen and carbon black. The production 
of carbon black from NG is well-known and practiced, and has been a commercial process since the 1920s in what is 
referred to as the Thermal Black process [13]. However, different modifications have been made to the process. These 
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include the use of different reactor configurations, continuous processes and the introduction of catalysts to reduce 
reaction temperatures and activation energy, and to improve reaction conversion [12, 14-18].  
Fig. 1. Conceptual process flow diagram of generating steam via the NGD process. 
The process flow diagram of steam generation from combusting hydrogen produced through the NGD process is 
shown in Fig. 1. Natural gas is fed to the NGD reactor, which operates at 800-900qC. The NG used in this study is 
assumed to be primarily methane with a heating value 802.34 kJ/mol. The reaction taking place at the decarbonizer is 
represented by Eq. 1.  
 
CH4 + Heat → C + 2H2  (∆H=75.6 kJ/mol)  (1) 
 
The product stream from the NGD reactor contains primarily hydrogen and carbon. Through solid/gas separation 
in a cyclone, carbon black is separated from gaseous hydrogen product. After compression to 50 bar (not shown on 
Fig. 1), the hydrogen product is subsequently combusted with oxygen in a direct contact boiler. Direct contact boilers 
combine the combustion process and feed water within a single process unit achieving heat transfer within the 
combustion zone. They prevent heat transfer losses to surfaces. Consequently direct contact boilers have higher 
thermal efficiency than a typical drum boiler or one-through steam generator since in direct contact steam generation. 
No heat is lost with stack gases. Water was injected into the boiler to generate additional steam (besides the steam 
produced from hydrogen combustion) using the heat released from hydrogen combustion. The boiler is designed to 
produce high pressure steam at 50 bar. However, steam at 40 bar and 100% quality is injected into the wellbore for 
SAGD bitumen recovery. 
3.3. Oxy-fired natural gas combustion 
Since the NGD process requires 75.6 kJ/mol CH4 from a high temperature source, oxycombustion of NG was 
integrated with the NGD process to provide for its energy requirements. There are two main reasons why we applied 
oxycombustion in this study. The first is that oxy-combustion produces a high CO2-concentration flue gas stream from 
NG combustion process. On a dry basis, the flue gas stream of a NG-fired oxy-combustion process contains about 90 
wt.% CO2. The second is that oxy-combustion could provide the high temperature heat required by the decarbonization 
process. High temperature (800-900qC) heat requirements of the NGD reactions make conventional NG heaters 
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unsuitable as the heat source. Oxycombustion can enable the production of a very high temperature heat for NGD and 
also produce a flue gas stream with a composition suitable for thermal enhanced oil recovery or carbon sequestration.  
The oxygen stream supplied from an air separation unit (ASU) contains about 95 mol.% O2 and 5 mol.% N2 at 
19qC and 5 bar. Natural gas was delivered at 15qC and 5 bar but was compressed to 50 bar before it was fed to the 
OxyNG combustor. The flue gas stream from the OxyNG combustor was injected into an oil sands reservoir for SAGD 
bitumen recovery. 
3.4. Reservoir simulation of bitumen recovery using CO2-rich gas stream 
We evaluate the performance of enhanced thermal oil recovery using the high CO2-concentration flue gas stream 
from the OxyNG combustor. For the reservoir simulation model, a simple two-dimensional SAGD model was 
constructed.  The reservoir properties, listed in Table 1 are typical of that of a McMurray Formation oil sands reservoir 
in the Athabasca oil sands deposit in Alberta, Canada.  Figure 1 displays the spatial distributions of the porosity, 
horizontal permeability, and oil saturation as well as the location of the SAGD well pair.  The top well (shown as the 
top black dot) is the horizontal injection well that goes into the page and has a length equal to 700 m.  The lower 
horizontal production well is the lower back dot positioned 1.5 m above the base of the oil column.  The inter-well 
spacing is equal to about 5 m.  In the model, the grid blocks have dimension equal to 1 m in the cross-well pair 
direction and vertical have grid block dimensions equal to 1 m, 0.5 m, 14 x 1 m, 2 x 0.5 m, 1 m, 9 x 0.5 m in the 
vertical direction (from bottom to top of the model).  A halving of the grid block dimensions in each direction generates 
results that are less than 0.1% different than that of the grid discretization used here.   
Two cases were evaluated.  The first is one with high initial oil saturation (So), equal on average to 0.82, whereas 
the second one has relatively low initial oil saturation, equal to 0.66 on average.  In both cases, the initial gas saturation 
is equal to zero.  The low permeability streaks within the oil column represent shale layers within the reservoir.  The 
rock and oil properties used in the reservoir model are presented in Tables 1 and 2.  
Table 1. Average properties of the reservoir model. 
 Property Value 
Depth to reservoir top, m  375 
Net pay, m 22 
Initial pressure at 397 m, kPa 2,670 
Initial temperature, °C 15 
Average porosity, fraction 0.3076 
Average Horizontal permeability, kh, D 3 
Vertical-to-horizontal permeability ratio 0.25 
Effective rock compressibility, 1/kPa 14e-6 
Rock heat capacity, kJ/m3 °C 2,350 
Rock thermal conductivity, kJ/m day °C 660 
Oil thermal conductivity, kJ/m day °C 12.5 
Water thermal conductivity, kJ/m day °C 53.5 
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Table 2. Average properties of the reservoir model. 
Oil-water relative permeability curves Sw Krw Krow 
0.2 0 0.979 
0.25 0.0004 0.95 
0.3 0.0012 0.72 
0.4 0.0057 0.47 
0.5 0.0156 0.24 
0.6 0.0331 0.11 
0.7 0.0606 0.04 
0.75 0.0787 0.015 
0.8 0.1 0 
 
Gas-oil relative permeability curves 
 
So Sl1 Krg 
0.005 0.155 1 
0.0575 0.2075 0.95 
0.11 0.26 0.84 
0.215 0.365 0.6 
0.32 0.47 0.35 
0.425 0.575 0.165 
0.53 0.68 0.075 
0.635 0.785 0.027 
0.74 0.89 0.01 
0.845 0.995 0 
0.8975 1 0 
 
Sw = water saturation, Krw = water relative permeability, Krow = oil-water relative permeability and Krg = gas relative permeability.  
 
Porosity 
 
Horizontal Permeability, mD 
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Case 2:  Oil Saturation, average So = 0.66 
 
Fig. 2. Geological models of oil sands reservoir. 
The bitumen extraction processes were modeled to produce an average of 30,000 barrels (bbl) of bitumen per day 
(bbl/day). Unless otherwise stated, the steam volumes reported in this paper represents CWE. Bitumen recovery was 
modeled for 10 years of the production life.  
3.5. Performance parameters of bitumen extraction 
The following performance parameters were assessed: 
i) CO2 to oil ratio (COR). This is defined as the ratio of the mass of CO2 emissions produced from the 
process to the volume of bitumen produced. It is an established fact that most CO2 reduction 
technologies require energy operate, and thus may exert a considerable energy penalty on the process. 
The process of generating the energy to meet the energy requirements of a CO2 reduction technology 
also results in CO2 emissions. Consequently, the extent to which a technology achieves CO2 reduction 
could be reduced. Therefore we calculate net CO2 reduction benefits.  
ii) Energy to oil ratio (EOR). This is defined as the net energy requirements of the bitumen recovery 
process divided by the unit volume of bitumen produced. Net energy use was calculated as the sum of 
the energy inputs into SAGD bitumen extraction process. The varying qualities of energy used in the 
processes make it difficult to sum the energies together without first accounting for the difference in 
qualities. Here we calculated the energy requirement to represent the primary energy of fuel. 
iii) Steam-to-oil ratio (SOR). Due to differences in reservoir geology and properties of hot gases injected 
into the reservoir for bitumen recovery, different values of SOR for each of the cases are anticipated. 
This variation comes as a result of different rates of oil production. Here we assess the effect of 
thermal enhanced oil recovery using CO2-rich gas co-injection with steam on oil production rates.  
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4. Results and discussion 
We present in this section the results of conventional SAGD process and integrated NGD, SAGD and CO2 
utilization processes. In the results presented in Table 3 and Figures 3 to 5, the conventional SAGD process is denoted 
as SAGD whereas the combined NGD, SAGD and CO2 utilization process is represented as SAGD+CO2. The 
performance assessment results for the two cases of initial oil saturations of 0.82 (Case 1) and 0.66 (Case 2), 
respectively are presented and discussed under each subsection below.  
4.1. Conventional SAGD bitumen recovery 
Here we present results of the conventional steam generation using, for example, a once-through steam boiler and 
the use of generated steam for bitumen recovery using a conventional SAGD process.  
Fig. 3. Average steam-oil-ratios for the processes over a ten year production period. 
x Case 1: So=0.82 
Reservoir modeling results in Fig. 3 give an average SOR of 3.1 m3/m3 for this process. This means that about 
14,785 m3/day steam (expressed as cold water equivalent, CWE) was injected into the reservoir to produce an average 
of 30,000 bbl/day (4769.5 m3/day). The efficiency of the steam boiler was taken to be equal to 0.9. The boiler is 
required to generate 19,713.9 m3/day steam (CWE) since about 25% of the generated steam is assumed to be lost 
before it reaches the reservoir. Therefore the boiler requires about 1,076.4 tons/day NG and produces 2,953.4 tons/day 
CO2 emissions. Reservoir simulation results show that the Case 1 SAGD process requires 70 well pairs, each 
producing an average of 69 m3/day/well pair. The average values of COR and EOR, listed in Table 3, for Case 1 are 
typical of values that are obtained from conventional SAGD bitumen recovery processes in oil-rich reservoirs in the 
Athabasca region.  
Figures 4 and 5 show profiles for the cumulative energy requirements and the cumulative CO2 emissions for this 
process and others. Figure 4 shows that this process has a comparatively low cumulative energy requirement which 
increased proportionately with time over the production lifecycle. The cumulative CO2 emission results in Fig. 5 show 
that this process emits about 12 Mt CO2 over 10 years.    
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Fig. 4. Cumulative energy requirements of the processes over a ten year production period. 
Fig. 5. Cumulative CO2 emissions for the processes over a ten year production period. 
x Case 2: So=0.66 
An average SOR of 4.5 m3/m3 is obtained (see Fig. 3). By implication, a daily rate of 21,463 m3/day steam (CWE) 
injection is needed to mobilize 4,769.5 m3/day bitumen in this oil sands reservoir. The steam boiler has an efficiency 
of 0.9 and assuming that 25% of injected steam before it reaches the reservoir, the boiler is expected to generate 28,627 
m3/day steam. Thus, the boiler would require 1,562.5 tons/day NG and produce 4,287.3 tons/day CO2 emissions. 
Reservoir simulation results show that the Case 2 process using the conventional SAGD extraction method requires 
82 well pairs, each producing an average of 59 m3/day/well. As expected, the average COR and EOR for this case 
(Table 3) are higher than that of Case 1. This is because this reservoir can be considered as a lean oil sands reservoir 
with oil saturation far lower than that of Case 1.  
Figure 4 shows that this process was the second best performing process until after 3 years (2006) of production 
when it became the second worst performing process and it remained at the later position. In regards to the cumulative 
CO2 emissions, Fig. 5 shows that this process produces the highest emissions when compared to the other processes.  
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Table 3. Summary of results of performance parameters assessed after 10 years of operation. 
 Performance parameters SAGD  SAGD + CO2 
Case 1: So=0.82   
EOR (GJ/m3) 10.2 17.2 
COR (kg CO2/m3) 619 127 
Water savings (kg/m3) 0 640 
Valuable C product (kg/m3) 0 213 
Case 2: So=0.66   
EOR (GJ/m3) 14.7 23.2 
COR (kg CO2/m3) 899 145 
Water savings (kg/m3) 0 929 
Valuable C product (kg/m3) 0 309 
4.2. NGD and SAGD processes 
x Case 1: So=0.82. 
Figure 3 shows that this process has an average SOR of 2.3 m3/m3. Assuming ideal conversion efficiencies, the 
NGD process used 1,358.9 tons/day NG to meet the feed requirements of producing 365 tons/day H2 whereas the 
OxyNG combustion used to generate heat for the NGD process required 142.3 tons/day NG. Combustion of the 
produced hydrogen generates 3,053.3 m3/day steam besides 16,660.6 m3/day steam (CWE) generated from the water 
that was injected into the boiler. This boiler is a direct contact hydrogen combustor which has an efficiency close to 
100%. The produced steam was injected into the oil sands reservoir through the wellbore to mobilize bitumen. By 
accounting for the 25% the steam lost before the steam reaches the reservoir, a steam (CWE) requirement of 10,969.8 
m3/day is needed to produce oil at an average daily rate 4,769.5 m3. Adding together the energy requirements of 
producing hydrogen from the NGD process, energy use in OxyNG combustion and that of ASU results in an average 
daily energy requirement of 80,807 GJ. About 712 tons/day CO2 was produced from the entire process – this comes 
primarily from the CO2 in the flue gas stream of the OxyNG combustor and from the production of oxygen in the 
ASU. However, the produced CO2 contained in the flue gas of the OxyNG combustor was co-injected with steam into 
the oil sands reservoir. Reservoir simulation results show that an average of 26.8% of the CO2 injected over 10 years 
of the bitumen production period is retained in the reservoir resulting in a net CO2 emissions of 427 tons/day. 
Reservoir simulation results show that this case requires 175 well pairs, each producing an average of 27.4 
m3/day/well. As expected, this process has an EOR higher than the conventional SAGD processes (see Table 3). An 
energy penalty up to 7 GJ/m3 was obtained. However, the process brings a benefit of 492 kg/m3 reduction of process 
CO2 emissions (Table 3). More so, the amounts of water produced (Table 3) can significantly offset the make-up water 
requirements of SAGD bitumen recovery. The SOR value for the combined NGD and SAGD process is the lower 
than that of the conventional SAGD operation. This may be because of the hot flue gas stream from the oxyNG 
combustor was co-injected with steam into the reservoir. A fraction of the enthalpy of this gas stream was also utilized 
for mobilizing bitumen.  
This process has the lowest cumulative net energy requirements and cumulative CO2 emissions as seen from Figs. 
4 and 5, respectively.  
 
x Case 2: So=0.66 
Reservoir modeling results presented in Fig. 3 give an average SOR of 4 m3/m3 for this process. Assuming complete 
conversion, the NGD process used 1,972.6 tons/day NG to meet the feed requirements of producing 492 tons/day H2 
whereas the OxyNG combustor used 206.5 tons/day NG. Combustion of the hydrogen product of the NGD process 
generates 4432.2 m3/day steam (CWE) beyond the 14,645.7 m3/day steam (CWE) generated from the water that was 
injected into the boiler. A direct contact hydrogen combustor with an efficiency close to 100% was used. About 19,078 
m3/day of high quality steam (CWE) was injected into the oil sands reservoir through the wellbore to mobilize bitumen. 
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About 25% of this steam was lost before it reaches the reservoir. Adding together the energy requirements of 
producing hydrogen from the NGD process, energy use in OxyNG combustion and that of ASU results in an average 
daily energy requirement of 117,300 GJ. About 1,033 tons/day CO2 was produced from the entire process – most of 
which came from the CO2 produced from the OxyNG combustor and from oxygen production. Note that the CO2 
contained in OxyNG combustor flue gas stream was co-injected with steam into the oil sands reservoir. Reservoir 
simulation results show that an average of 60.3 wt.% of the CO2 injected over 10 years of the bitumen production 
period retained in the reservoir. This results in a net CO2 emissions of 692 tons/day.  
Reservoir simulation results show that this case requires 209 well pairs, each producing an average of 22.8 
m3/day/well. Out of the processes assessed, this process has the highest EOR – a value about double that of the value 
for the conventional SAGD processes for both Case 1 and 2 (Table 3).  However, the process brings a COR benefit of 
4-6 times lower than that of the conventional SAGD processes. Also, the amounts of water produced from this process 
(Table 3) can significantly offset the make-up water requirements of SAGD bitumen recovery. Similar to the Case 1 
results, the SOR value for this process is lower than that of the conventional SAGD operation. The same reason stated 
above applies.  
Figure 4 demonstrates that this is the process with the highest cumulative net energy requirements. Its cumulative 
energy requirements are 2-3 times higher than those of the conventional processes. However, the high energy 
requirements are compensated with a cumulative net CO2 emissions which are 4-6 times lower than those of the 
conventional processes.  
5. Conclusions 
The results illustrate that there is a spectrum from relatively high invested energy and low CO2 emissions to 
relatively low invested energy and high CO2 emissions.  In the high invested energy and low CO2 emissions case, the 
CO2 emissions are lower than that of conventional oil production.  It can be deduced from the results that there exist 
options beyond the current SAGD practice that could yield significant emissions reductions. For example, over a 10 
years’ bitumen production lifecycle, the described process applied to an oil-rich reservoir performed better than the 
conventional SAGD processes on a cumulative net energy requirements and cumulative net CO2 emissions basis. 
Also, the results shows that co-injection of steam and CO2 into oil sands reservoirs for the purposes of thermal recovery 
and for CO2 utilization may have significant prospects. The results encourage more research in this area. More so, the 
quantities of water produced show the prospect of minimizing water consumption footprint through the assessed 
bitumen recovery processes.  
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